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Olfactory Receptors, Vomeronasal Minireview
Receptors, and the Organization
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Cornelia I. Bargmann known G protein±coupled receptors. Each V1R is ex-
pressed in a small percentage of the vomeronasal neu-Howard Hughes Medical Institute
rons, suggesting that only one or a few receptors areDepartment of Anatomy
expressed per cell.University of California
It had previously been appreciated that the vomerona-San Francisco, California 94143-0452
sal organ consists of two cell populations, one found
apically and one found basally. This division can be
observed with a variety of molecular markers. For exam-The main olfactory system of mammals recognizes the
ple, the Ga protein Gi2 is expressed at high levels onlyuniverse of odorants using as many as a thousand re-
in apical neurons, while the Ga protein Go is expressedlated G protein±coupled receptors (Buck and Axel,
at high levels only in basal neurons (Halpern et al., 1995;1991). Oddly enough, the sensory potential of this vast
Berghard and Buck, 1996). The expression of V1Rs wasfamily is not exploited by the mammalian vomeronasal
only observed in the apical cell layer, suggesting that aorgan, a separate olfactory organ in the nasal septum,
second class of receptors might be found in the basalwhich expresses a completely independent family of
vomeronasal neurons. For two groups, the starting strat-receptor proteins (Dulac and Axel, 1995). Two papers
egy for identifying these receptors was a search for genesin this issue of Cell (Herrada and Dulac, 1997; Matsunami
expressed in Go-expressing vomeronasal neurons.and Buck, 1997) and a paper in a current issue of Neuron
The Buck and Dulac groups used the same single-(Ryba and Tirindelli, 1997) describe the cloning of yet a
cell PCR approach that was used to identify the V1Rsthird distinct class of mammalian olfactory receptors
but began with cells that expressed Go and not Gi2. cDNAexpressed by a subset of vomeronasal sensory neurons.
libraries from single vomeronasal neurons that ex-Despite the patchwork of different candidate receptor
pressed the Go mRNA were probed with cDNA from thesystems used in olfaction, analysis of receptor expres-
same cell or from a different individual vomeronasal cell.sion in the different sensory systems reveals common
Receptor clones were identified because they hybrid-features that may organize olfactory pathways.
ized strongly to cDNA from the starting cell, but did notOlfactory cues from predators, prey, or members of an
hybridize to cDNA from the other cell. The Ryba groupanimal's own species can elicit striking species-specific
isolated the receptors by good luck: they probed a VNObehavioral and hormonal responses. In mammals, many
cDNA library with mixed probe of olfactory receptorsinnate social and sexual responses are mediated through
and found what turned out to be a V2R clone, despitethe vomeronasal organ (VNO; Halpern, 1987). For exam-
the fact that V2Rs have no sequence homology to ORs.ple, male rodents require an intact vomeronasal organ
The new receptors identified by all three groups corre-
to mate efficiently with females and to respond aggres-
spond to a family of about 100 genes that are related
sively to intruder males. In female rodents, activation of
to the metabotropic glutamate receptors and the extra-
the vomeronasal organ can trigger estrus in the pres-
cellular calcium-sensing receptor, and more distantly
ence of a male or the termination of pregnancy in the
related to the GABA-B receptor. Other receptors in this
presence of an unfamiliar male. Although the vomero-
family have a large extracellular domain that is impli-
nasal organ can also recognize other cuesÐsnake vo-
cated in ligand binding followed by seven predicted
meronasal neurons respond to preyÐand the main membrane spanning domains.The V2Rs share this over-
olfactory system can also recognize pheromones, VNO all structure, unlike the smaller V1Rs and ORs that con-
function appears to be strongly linked to instinctive sist mostly of seven membrane-spanning regions. Thus,
behaviors. the ORs, the V1Rs, and the new V2Rs are completely
Vomeronasal sensory neurons are distinct from olfac- unrelated to one another and are derived from different
tory neurons in their morphology (vomeronasal neurons branches of the G protein±coupled receptor superfam-
have microvilli, olfactory neurons have cilia) and in the ily. Moreover, the olfactory and chemosensory recep-
signal transduction components that they express. Ol- tors identified in C. elegans represent several additional
factory neurons express the Gs-like protein Golf and G protein±coupled receptor classes that are essentially
seven transmembrane domain receptors distantly re- unrelated to each other and unrelated to any of the
lated to adrenergic receptors and serotonin receptors vertebrate receptors (Troemel et al., 1995; Sengupta et
(Buck and Axel, 1991). Vomeronasal neurons do not al., 1996). Transmembrane guanylyl cyclases might also
express the classical olfactory receptors, nor do they function in chemoreception (Yu et al., 1997). These
express Golf. Instead, VNO neurons express candidate results reveal the tremendous opportunism of the olfac-
receptors that were previously identified using a single- tory system: during evolution, it has diversified an as-
cell PCR strategy to find genes expressed at high levels sortment of receptors that appear to share nothing more
in a subset of vomeronasal neurons (Dulac and Axel, than the ability to utilize G protein signaling pathways.
1995; the three groups use three nomenclatures for The olfactory receptors in insects have been refractory
these receptors, which will be called V1Rs here). The to identification using homology-based approaches, so
V1R genes comprise a family of 30±100 genes that en- insects may have found yet another molecular solution
code proteins with seven predictedmembrane spanning to the problem of recognizing odorants.
domains. In other respects, they are completely novel Each V2R is expressed in a small fraction of VNO
neurons, mostly in the basal Go-positive region of theand unrelated to the olfactory receptors or to any other
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Figure 1. Receptor Expression and Zonal Or-
ganization of the Olfactory and Vomeronasal
Systems
Neurons in the main olfactory epithelium ex-
press one of many olfactory receptors as well
as Golf. The neurons expressing one receptor
are scattered throughout one of four expres-
sion zones and converge on a few glomeruli
in the olfactory bulb. Neurons from a single
expression zone project to a topographically
defined region of the bulb (dotted line sepa-
rates expression zones). Neurons in the vo-
meronasal organ are divided into two zones,
one apical and one basal. Apical neurons ex-
press a V1R (also called VNR or Gai2-VN), Gi2,
and OCAM, and project to the rostral acces-
sory olfactory bulb (AOB). Basal VNOneurons
express a V2R (also called VR or Go-VN) and
Go and project to the caudal AOB. It is not
known whether vomeronasal neurons ex-
pressing one receptor converge in the acces-
sory olfactory bulb.
epithelium. Single cell analysis of V2R clones by the expressed only in males and another in females, that one
receptor is expressed in different cell types in differentDulac and Buck groups showed a correspondence be-
tween Go expression and V2R expression in about 10 sexes, or that the organization of the epithelium is differ-
ent so that the same cells are found in a different posi-cells, further supporting this correlation. Herrada and
Dulac sequenced multiple V2Rs from four cells and tion. Both V1Rs and V2Rs are expressed starting early
in development, even though the vomeronasal organshowed that each cell expressed only a single V2R at
high levels. These results contribute to the one neuron± undergoes substantial maturation for weeks after birth
(Herrada and Dulac, 1997; Berghard and Buck, 1996,one receptor model that has emerged in studies of the
vertebrate olfactory neurons (Ressler et al., 1993; Vassar and references therein).
A common feature of the VNO and the olfactory epi-et al., 1993), suggesting that this organizational principle
is common to all receptor types. By contrast, individual thelium that emerges from these studies is the zonal
organization of information (Figure 1). The olfactory epi-invertebrate olfactory neurons express multiple receptor
genes (Troemel et al., 1995). thelium is divided into four broad zones, and a given
receptor gene is expressed in a small percentage of theOne surprising observation by the Buck and Dulac
groups is that about two-thirds of the V2R cDNAs only neurons scattered throughout a single zone (Ressler et
al., 1993; Vassar et al., 1993). Similarly, the vomeronasalencode partial proteins, with missing sequences or stop
codons that disrupt their coding regions. Of the 100 or organ is divided into two major zones that can be distin-
guished by their receptors and signaling proteins. Apicalso V2R genes detected by hybridization, it may be that
only about 35 are functional and the rest are expressed VNO neurons express V1Rs and Gi2, while basal VNO
neurons express V2Rs and Go. The Ryba and Dulacpseudogenes. Perhaps the pseudogenes are molecular
fossils that reflect the fact that pheromone responses groups hint that there might be further subdivisions of
zones within the VNO, since certain V2R receptor probesdiverge rapidly as species diverge, or perhaps these
fragments have some pheromone binding properties. If detect neurons that are quite basal in the epithelium,
others detect more central neurons, and still others de-one vomeronasal neuron expresses only one V2R gene,
many VNO neurons probably express only nonfunctional tect neurons that overlap with the apical Gi2 region (Her-
rada and Dulac, 1997; Ryba and Tirindelli, 1997). Thesereceptors. Alternatively, these neurons might express
yet another class of vomeronasal receptor in addition nested expression zones are reminiscent of nested
receptor expression zones in the zebrafish olfactory epi-to the V2R fragments.
The pattern of V2R expression hints at links between thelium (Weth et al., 1996), which has features intermedi-
ate between the mammalian olfactory system and thereceptor expression and biological function of the VNO
(Herrada and Dulac, 1997). Some kind of sexual dimor- mammalian vomeronasal system. However, the Dulac
group noted that the two receptors expressed in thephism might be expected in the VNO and possibly in
VNO receptors, since males and females show different most basal zone appeared to be pseudogenes, so the
function of this zone is unclear.pheromone responses. Herrada and Dulac observed
that one V2R probe detected a different pattern of ex- The two major VNO zones differ in their projections
to the accessory olfactory bulb (AOB): Gi2-expressingpression in males and females, where the neurons that
hybridized with the probe were reproducibly located neurons project to the rostral half of the AOB, while
Go-positive neurons project to the caudal AOB (Halpernmore apically in the male VNO than they were in the
female VNO. The probe used in this experiment probably et al., 1995). One informative candidate adhesion mole-
cule on VNO and olfactory axons is OCAM, an NCAM-detects several receptor genes, so interpretation of this
result is tricky. It may be that one gene of this family is related transmembrane receptor with immunoglobulin
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and fibronectin type III repeats (Yoshihara et al., 1997).
OCAM expression correlates with vomeronasal and ol-
factory expression zones: it is expressed by apical but
not basal VNO sensory neurons, and by olfactory neu-
rons from three of the four olfactory expression zones.
Olfactory axons expressing OCAM all project to caudo-
ventral glomeruli in the olfactory bulb, while OCAM-neg-
ative axons project to rostrodorsal glomeruli. These re-
sults show that neurons from one expression zone of
the olfactory epithelium project to a defined region of
the olfactory bulb (as suggested in Ressler et al., 1993),
just as VNO expression zones project to defined AOB
regions. In the olfactory bulb, all of the neurons express-
ing one receptor project to a few target regions, or glo-
meruli, allowing integration of inputs from one receptor
(Mombaerts et al., 1996). The olfactory receptor proteins
themselves appear to function in the convergence of
olfactory axons on their targets in the bulb; whether
similar events occur in the VNO is unknown.
Is there a deeper physiological meaning of the expres-
sion zones? One possibility is that receptors of a given
class are best suited to recognize certain ligands. For
example, the V2Rs might sense volatile pheromones,
while the V1Rs might sense nonvolatile pheromones
or pheromones in the context of a pheromone binding
protein. Alternatively, perhaps the segregation of recep-
tors is based not on their ligand specificity but rather
on their function and the behaviors that they direct. In
this model, different zones of the olfactory bulb and
the accessory olfactory bulb would preferentially collect
informationabout different classes of biologically impor-
tant stimuli, such as food, predators, mates, or rivals.
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